The frequency and selective impact of deleterious mutations are fundamental parameters in evolutionary theory, yet they have not been directly measured in a plant species. To estimate these quantities, we allowed spontaneous mutations to accumulate for 10 generations in 1,000 inbred lines of the annual, self-fertilizing plant Arabidopsis thaliana and assayed fitness differences between generations 0 and 10 in a common garden. Germination rate, fruit set, and number of seeds per fruit each declined by less than 1% per generation in the mutation lines, and total fitness declined by 0.9% per generation. Among-line variances increased in the mutation lines for all traits. Application of an equal-effects model suggests a downwardly biased genomic deleterious mutation rate of 0.1 and a upwardly biased effect of individual mutations on total fitness of 20%. This genomic deleterious mutation rate is consistent with estimates of nucleotide substitution rates in f lowering plants, the genome size of Arabidopsis, and the equilibrium inbreeding depression observed in this highly selfing plant species.
The rate of spontaneous deleterious mutation plays a central role in the evolutionary genetics of sex and recombination (1, 2) , mating systems and mate choice (1, (3) (4) (5) (6) (7) , mutation accumulation and extinction in small populations (8) (9) (10) (11) (12) , neutral molecular variation and its maintenance in natural populations (13) , and life-history variation in natural populations (14) ; for a review see ref. 15 . Despite its theoretical importance, the total number of new deleterious mutations per zygote per generation (U) is unknown for all but a few species.
The genomic deleterious mutation rate most commonly is estimated by using mutation accumulation experiments, in which spontaneous mutations are allowed to accumulate in replicate populations in the relative absence of natural selection. In such studies U has been estimated as 0.02-0.6 for egg-adult viability in Drosophila (16-21), 2 ϫ 10 Ϫ4 for total fitness in Escherichia coli (22) , 0.5 for life-history traits in Daphnia pulex (14) , and 0.003-0.060 for various life-history traits in Caenorhabditis elegans (23, 24) .
Population-genetic theory of the balance between mutation and selection permits indirect inference of the genomic deleterious mutation rate from measures of inbreeding depression in natural populations combined with the variance among families in the relative fitness of inbred individuals (25) (26) (27) . These methods suggest that U is roughly one for egg to adult viability in Drosophila (3, 11) , from 0.2 to 1.7 for a variety of fitness traits in highly selfing plants (26, 28, 29) , 0.87 for clutch size in D. pulex (27) , and about 0.04 to lethals in humans (25, 30, 31) . However, these indirect estimates require assumptions about the average degree of dominance, absence of overdominance, and mutation-selection equilibrium that may not be valid.
No direct measurements of genomic deleterious mutation rate have yet been published for a plant species, despite the central importance of this parameter in many recent theoretical models describing the evolution of plant mating systems, especially the joint evolution of inbreeding depression and the rate of self fertilization (see refs. [3] [4] [5] [6] [7] 32) . We performed such a mutation-accumulation experiment in a plant species, the annual, self-fertilizing Arabidopsis thaliana. Our major objectives were to provide conservative (minimum) estimates of (i) the total mutational decay in major fitness components, and (ii) the total diploid deleterious genomic mutation rate, U.
MATERIALS AND METHODS
Generation of Mutation Accumulation Lines. The mutation accumulation experiment was started with a single A. thaliana individual from the ecotype Landsberg erecta. To minimize the possibility of heterozygosity at the start of the experiment, a progenitor line was derived from this plant by selffertilization and single-seed descent for six generations. Four hundred selfed seed from this single generation-6 plant were divided into two blocks. Block 1 was placed in storage (dark and dry and at room temperature) to serve as a control in the fitness assay described below, and the 200 seeds of block 2 were sown. Five seeds from each of the resulting 200 adults then were used to initiate generation zero of the mutationaccumulation experiment. These 1,000 lines were maintained independently by passive self-fertilization and single-seed descent for 10 generations, during which time spontaneous mutations were expected to accumulate. Arabidopsis naturally self-fertilizes its seed, but is probably capable of a very low frequency of outcrossing when plants are grown in close proximity. To minimize the chances of ''migration'' among the 1,000 replicate lines during mutation-accumulation caused by accidental outcrossing or seed dispersal, plants were raised individually within either clear glass tubes (for generations 0-5) or clear plastic tubes (for generations [5] [6] [7] [8] [9] [10] .
At the start of each generation, four seeds were sown per line, and one adult was chosen at random from each line to provide seeds for the next generation. The small effective population sizes were necessary to insure that mutations with mild effects on fitness were nearly neutral and thus accumulated close to their rate of occurrence. Mutations of large effect were not expected to accumulate, because of selection within lines and complete loss of lines.
Within-line selection may be effective on major mutations reducing preadult survivorship. Because four seeds were chosen from one random individual per line, the effective population size for mutations affecting germination was four. Because one adult individual was chosen at random as progenitor of the next generation, the effective population size for postgermination mutations was one. Thus mutations with selection coefficients less than 0.5 to 0.125 were effectively neutral and accumulated in our mutation lines.
Selection also may have occurred among the large number of gametes produced per individual, thus preventing some deleterious mutations from accumulating. However, gametic selection is unlikely to influence our results appreciably, for several reasons. Any mutation homozygous in the zygote would have been passed to all gametes produced by that individual. Thus the effective number of gametes for the transmission of that mutation is one, and the mutation will be nearly neutral in the gamete phase if it reduces gamete fitness by less than 0.5. If a mutation is heterozygous in the zygote it will be passed to half its pollen and ovules. Thus the effective number of gametes for the transmission of that mutation is two, and the mutation will be nearly neutral in the gamete phase if it reduces gamete fitness by less than 0.25.
In a plant with a high pollen͞ovule ratio, competition among pollen grains could increase the efficiency of selection against mutations with mild effect on pollen function (e.g., rate of tube growth). This competition is unlikely in our experiments, because in A. thaliana, the pollen͞ovule ratio is low, and the absence of wind currents and perhaps insects reduces the movement of pollen onto the stigmatic surface (see refs. 33 and 34). In our fitness experiment, an average of only 34-36 seeds per silique was present in both controls and mutation lines. Because the number of ovules per silique in A. thaliana is 40-60, the low seed number in both groups suggests that the number of pollen grains deposited on a stigma averaged less than the number of ovules per flower. This finding is not surprising, considering that our plants were maintained indoors, each individual enclosed laterally by a clear tube. Wind currents were nearly nonexistent, insects were absent, and pollination was entirely passive self-pollination. This low ratio of transferred pollen to ovules suggests that the potential for pollen competition was low or nonexistent.
Mutations also may have been lost if their effects were so severe that they caused complete extinction of a mutation line; during the course of mutation accumulation, 76 lines (7.6%) were lost. Although a few of these cases were the result of self-sterility, most certainly were caused by random environmental factors. Most cases of nongermination, for example, were undoubtedly nongenetic, as they occurred in the drier outer and corner wells of our planting flats (total germination rate was about 83% per generation).
The loss of severe mutations by either means would have tended to bias our estimates of mean mutational decay and genomic mutation rate downward. This bias is acceptable, because our purpose was to generate conservative estimates of these values. Moreover, numerous studies have shown that mutations with severe effects constitute a small minority of mutational damage (in Drosophila, for example, lethals and sublethals are less than about 5% of all new deleterious mutations; refs. 19, 21, and 35). Thus we are confident that our assay, though conservative, revealed the majority of deleterious mutations in Arabidopsis.
Control Lines and Design of Fitness Assay. After 10 generations of mutation accumulation, we began a common garden experiment that enabled us to measure major components of fitness for both the mutation accumulation lines and ancestral control lines. Control lines were formed from the seeds stored as block 1 at the start of the mutation accumulation experiment. Our goal in forming the control lines was to minimize environmental effects, such as seed age or maternal environment, that could cause phenotypic differences between the control and mutation accumulation lines. Two generations before the start of the common garden experiment, the seeds from block 1 were sown to produce 200 adult plants. These 200 plants were raised in flats adjacent to the generation-9 mutation accumulation lines in the same growth chamber. At the start of the next generation, five seeds from each of the 200 plants were sown to found 1,000 control lines. At the same time, the seeds of the generation-10 mutation accumulation lines were sown in a checkerboard fashion with the control lines in 72-well flats. A single seedling from each line was chosen randomly to provide seed for the fitness assay in the common garden experiment. In this manner, the seeds planted for both the control lines and the generation-10 lines in the actual fitness assay were of the same age and had been produced from parents raised in a common environment and grandparents raised in a nearly identical environment. Nongenetic differences between the control and generation-10 lines therefore should have been minimal.
Measurement of Fitness Components. Seeds from the 924 surviving mutation accumulation lines and from a random sample of 924 of the 1,000 control lines then were used in a common garden experiment. After planting these seeds, we measured three major components of fitness. These included the proportion of seeds that germinated, fruit set per individual germinated seed, and the number of seeds per fruit produced. The product of the three components of fitness is an estimate of the total number of seeds produced per seed sown. This composite trait is a reasonable measure of lifetime total fitness for this self-fertilizing annual plant, because total seed set encompasses both male and female function as well as viability.
These traits were assayed in a competition-free common garden experiment in a large growth chamber. Plants were grown under cultural and environmental conditions that were essentially identical to those used in the five generations before the fitness assay and in the growth of the seeds used in the fitness assay. The growth chamber environment was maintained at a constant 23°C with 60% humidity and alternating 12 hr of dark and light from 40-W cool white fluorescent bulbs. Plants were grown in 72-well flats in Sunshine Aggregate No. 4 potting mix (a mixture of peat moss, perlite, nutrients, gypsum, wetting agent, and dolomitic lime). Flats were bottomwatered without fertilizer every 2 or 3 days to maintain approximately uniform soil moisture. In the common garden experiment, the position of flats in the growth chamber was randomized weekly. (Because the large growth chamber was not purchased until the experiment had begun, the environment used during the first five generations of mutation accumulation differed slightly from that used in later generations. In the earlier generations, plants were grown in 96-well flats in a similarly lit growth room that was maintained at approximately 23°C.)
At the start of the common garden experiment, we planted seeds from one line per well. Lines were ordered in the 72-well flats such that in each flat 36 different randomly chosen mutation accumulation lines were sown in wells alternating with 36 different randomly chosen control lines. The layout for a given flat was replicated three times so that every line was represented in triplicate. Four seeds were sown per well, giving 12 seeds per line. Seeds were allowed to germinate, and all seedlings were counted. The germination rate was measured as the fraction of seeds planted that produced seedlings. All but one of the resulting seedlings per well were discarded at random, leaving three surviving plants per line, each in a unique flat. Because 76 lines were lost over the 10 generations, the total experiment comprised roughly 22,176 seeds (two treatments ϫ 924 lines per treatment ϫ 12 seeds per line) and 5,544 adults (two treatments ϫ 924 lines ϫ three adults per line). Plants were allowed to senesce naturally, and all fruits were counted on each plant. It was not possible to count all the seeds produced per plant, so we counted seed set per fruit for two random fruits per plant, three plants per line, in 144 random lines of both mutation accumulation lines and control lines.
Data Analysis and Estimation of Mutational Parameters. As mutations accumulate they have two expected measurable consequences. First, because mutations are generally deleterious, they reduce mean fitness. Second, because they occur independently in different lines, they increase the variance in fitness among lines. If mutation is a Poisson process, then for alleles of moderate effect, the genomic deleterious mutation rate (U) and mean homozygous effect of a mutation (s , the reduction in fitness relative to the nonmutant homozygote, taken here to be the fitness of the controls) can be estimated from the per-generation decline in mean fitness (R, the ''mutational decay'') and increase in fitness variance among lines (V b ) (16, 17, 36, 37 ͞(z 0 R) , where z 0 is the mean fitness of the controls. Because mutations must vary in their effects on fitness, the mutation rate estimated as outlined above must be a downwardly biased estimate, U min , and the selection coefficient must be an upwardly biased estimate, s max . The degree of bias in these estimates depends on the distribution of s among mutated alleles (see refs. 35 and 38) . If the distribution is exponential, an unbiased estimate of U is exactly twice the estimated U min , and an unbiased estimate of s is exactly half the estimated s max (35) . If the distribution is more leptokurtic than exponential, as is suggested by data in Drosophila (38) , the unbiased estimate of U would be even larger and that of s even smaller. These equations differ from those used in Drosophila mutation-accumulation experiments because of their use of balancer chromosomes, which prevent segregational loss of mutations.
The increase per generation in the genetic variance for an additive trait caused by mutation is the mutational variance, V m . This quantity can be estimated as half the rate of increase in the among-line variance (V b ͞2). The ratio of mutational variance to the environmental variance, V e , is known as the mutational heritability, h m 2 . To obtain estimates of the mutational heritability, we estimated V e as the within-line variance for the generation-0 plants by using ANOVA. Confidence intervals for all parameters estimated were obtained on bootstrapped data. Each generation was resampled 1,000 times randomly, with replacement, and the full analysis was redone on each resampled data set. Resampling was performed at the level of line: a line was chosen randomly, with replacement, until the number of these resampled lines equaled that in the original data set, for both control lines and mutation lines. For each line chosen, all replicates of that line were automatically chosen. Ninety-five percent confidence intervals and the proportion of bootstrap estimates less than zero were obtained from these 1,000 bootstrapped data sets.
For those bootstraps yielding negative estimates of mutational variance (indicated by the probability values cited in Table 3 ), we did not estimate mutational parameters. The true mutational variance cannot be negative, and substituting such impossible variances into the Bateman-Mukai equations would yield nonsense estimates. Nevertheless, negative estimates of mutational variance are potentially informative. Negative variances could be interpreted as evidence that the true (positive but unknown) mutational variance is extremely small. Thus, eliminating these cases from our estimates of U and s prevent these small mutational variances from influencing our results. Thus, our results tend to overestimate the mutational variance (and selection coefficient s), and underestimate the genomic mutation rate U. Because our purpose in this experiment is to provide a conservative minimum estimate of U (thus a maximum estimate of s), this bias is acceptable.
During the course of the common garden experiment it became apparent that the three genetically uniform, replicated flats for each unique set of control and generation-10 lines varied in obvious traits like time of flowering and stature despite weekly flat randomization. Unfortunately, our large number of lines (the minimum needed to demonstrate significant mean effects, as shown by a prior analysis of statistical power) precluded the use of a single, fully crossed ANOVA to determine the statistical significance of this potentially large source of environmental variation. Instead, we conducted a maximum-likelihood analysis of variance (39, 40) of the fitness traits in which the replicate flats were nested within the unique groups of control and experimental lines. With both group and flat taken as random effects, the ANOVAs confirmed that there was significant variation among replicate flats for all traits. 2 values with one degree of freedom were 25, 344, and 80 for the flat effect on germination rate, fruit set, and seed set, respectively (all these are significant at P ϭ 0.001). To reduce some of this noise, we estimated mutation parameters from variances calculated from the deviation of each trait value from the flat mean (Table 1 and see Table 3 ). In these ANOVAs, the error term estimated the among-flat variance within a line.
RESULTS AND DISCUSSION
Individual fitness components declined by 0.05-0.4% per generation, and total fitness declined by 0.9% per generation (Tables 2 and 3 ). The estimates of mutational decay, R, were significantly different from zero for seed set and total fitness, but not for germination success or fruit set. Minimum detectable differences in means (control-mutation lines) for germination, fruit set, and seed set were 0.03, 6, and 1.6, respectively, for a statistical power of 0.9 and ␣ ϭ 0.05 (ref. 41 , see Tables  1 and 2 ). We found significant variation among lines in both the controls and the generation-10 mutation accumulation lines for all three fitness components, regardless of whether the data were transformed as deviations from the flat means (Table 1) . It is unlikely that mutational variance could account for the among-line variance in the control, because all such lines descended from a single plant within two generations. It is more likely that the among-line variance in the controls was caused by variation in environmental effects experienced by the maternal plants that produced the seeds used in the common garden experiment. If micro-environmental differences caused variation among the maternal plants in traits like seed size, then such effects could result in variation in maternal environmental effects for later components of fitness in the next generation. Because the 36 seeds and three seedlings from each line used in the common garden experiment all descended from a single maternal plant, variance in maternal environmental effects could result in among-line variance.
Because the same methods were used to generate both the control and mutation accumulation lines, these potential effects can be accounted for in the estimation of the mutational variance during the 10 generations of mutation accumulation. For all of our analyses on all of the traits, we assumed that the among-line variance in the controls provided an unbiased estimate of the sum of maternal environment effect variance and the mutational variance accrued during line formation. We also assumed that the among-line variance in the generation-10 lines provided an unbiased estimate of the sum of three sources of among-line variance: genetic variance caused by mutations that accumulated during the 10 generations, mutational variance because of the two generations of line formation, and the maternal environmental effect variance. Under these assumptions, the difference in among-line variance between the generation-10 lines and the controls provides an estimate of the genetic variance caused by 10 generations of mutation accumulation (10 V b or 20 V m ).
We assume here that the maternal environmental effect variance is the same in generations 1 and 10. Although this assumption seems reasonable, it is possible that deleterious mutations caused the generation-10 maternal plants to be more sensitive to the slight environmental variation. If this were the case, then by making the assumption of equal maternal variances we might overestimate the mutational variance, and therefore underestimate the downwardly biased estimate U min and overestimate upwardly biased estimate s max . Second, there is the remote possibility of grandmaternal environmental effects on fitness. If they exist, then we might expect them to be slightly greater in the generation-10 plants, owing to the smaller number of grandparents in the controls (200) than the mutation-accumulation lines (1,000). Again, if true, such effects would lead us to overestimate V m , underestimate U min , and overestimate s max . Because our main goal is to place lower limits on the genomic deleterious mutation rate and upper limits on the average effect, the assumption of equal maternal environmental variance is a conservative one.
Finally, there is the hypothetical possibility that storage of our control seeds (dry and at room temperature) for 3 years may have altered their subsequent germination, growth, and reproduction, and this altered mean performance may have been retained across three generations during which offspring of controls and mutation lines were interdigitated in the same flats. Because we have no evidence of any such storage effects in Arabidopsis, let alone that they could have persisted across three generations, we assumed that any such effects are inconsequential.
The highly significant among-flat variation discussed above led us to use transformed data, in which each trait value was the taken as the deviation from the flat mean, to estimate mutational parameters. We also have estimated mutational parameters by using the raw data and found that the transformation made little difference to our estimates of mean mutational damage or total genomic mutation rate. However, we present the ANOVAs for line effects for both the raw data and the transformed data ( Table 1) .
Estimates of the mutational variance, V m , were positive for all traits, with mutational heritabilities (V m ͞V e ) ranging from 0.0005 to 0.0030 (Table 3 ). The increase in variance among mutation lines was significant for seed set (F 142, 143 ϭ 1.40, P ϭ 0.023; see Table 1 ). The minimum detectable among-line variance ratios (mutation lines: control lines) for germination, fruit set, seed set, and total fitness were 1.11, 1.11, 1.31, and 1.34, respectively, for a statistical power of 0.9 at ␣ ϭ 0.05 (41) . Despite the significant variance increase for seed set, error propagation in the estimates of mutational variances and heritabilities made these composite quantities insignificantly different from zero. We might have obtained significant mutational variances had the lines accumulated mutations for many more additional generations; however, continuing the experiment for 5-10 more years (yielding approximately 40 generations of mutation accumulation) was beyond the scope of our study. We note that it is not unusual for well-designed Estimates of mutational effects ‫ء(‬ for P Ͻ 0.05) and their 2.5 and 97.5 percentiles from 1,000 bootstraps of the data set. Means, SEs, and total sample size for proportion of seeds germinated, total fruit set, and number of seeds per fruit.
mutation accumulation experiments to fail to obtain mutational variances that are significantly different from zero (e.g., ref. 23 ; those authors, however, limited their full analyses to traits exhibiting significant mutational variances). Moreover, prolonging such an experiment presents some disadvantages, such as increased loss of lines caused by environmental variation, and epistatic interactions among accumulated mutations that bias the estimators.
From the per-generation decline in mean fitness and increase in fitness variance, the minimum genomic deleterious mutation rate to alleles reducing total fitness, U min , in Arabidopsis is estimated to be 0.1 (Table 3 ). The 95% confidence intervals for this estimate are 0.005 and 0.600. Estimates of the genomic deleterious mutation rate for fitness components ranged from 0.002 to 0.050. The upwardly biased estimate of the mean homozygous effect of a mutation, s max , is 0.2 for total fitness, with 95% confidence intervals of 0.006 and 0.9 ( Table  3 ). Estimates of s max for the fitness components ranged from 0.2 to 0.6, with large confidence intervals.
Our estimated mean effects of deleterious mutations are larger than those estimated from other mutation-accumulation studies. For example, s max was estimated to be about 0.06 in Drosophila (16, 18) and 0.01 in E. coli, (the haploid effect, see ref. 22 ). However, the large confidence limits on our estimates make them consistent with the possibility that the majority of deleterious mutations are of mild effect. Theoretical studies (see ref. 42 ) have shown that mutations of intermediate to small effect (depending on the population size) are maximally effective in causing extinction of small populations, because of their fixation during random genetic drift.
Our estimate of the genomic deleterious mutation rate can be compared with the expected substitution rate by noting that the average substitution rate per nucleotide site in plants is approximately 6 ϫ 10 Ϫ9 per year (43) , that the diploid genome size in Arabidopsis is roughly 1.4 ϫ 10 8 nt (44) , and that transposable-element activity in A. thaliana is negligible. With 2-3 generations per year (probably a maximum over most of the natural range of this winter annual), the molecular data predict a genomic mutation rate of 0.28-0.42 per diploid genome per generation, or 3-4 times our minimum estimate of the deleterious rate. Similar calculations suggest that the total mutation rate in Drosophila melanogaster not attributable to transposons is 2-8 times the deleterious rate (see refs. 16, 18, 35, and 45-47) , and in E. coli about 10 times the deleterious rate (22) . We should note that the estimates for Drosophila differ greatly among several recent studies (e.g., refs. 20 and 48-51), and discussion of the methods, assumptions, and implications of these conflicting investigations is ongoing (19, 21) .
Our estimate of the genomic deleterious mutation rate can be used to predict levels of inbreeding depression in Arabidopsis at equilibrium of mutation and selection, and in the absence of heterozygote advantage, using the method of Charlesworth et al. (26) . This method requires an estimate of the arithmetic mean dominance of mutations and is relatively insensitive to assumptions regarding the distribution of dominance or selective effects of mutations. The Charlesworth et al. (26) method, however, encompasses all mutations, whereas our study necessarily excluded mutations of large effect. If such mutations are rare (they constitute only a few percent of all mutations in Drosophila, ref. 35) , then the two methods should yield comparable results. Indeed in this case, they do: if the mutations in our study are partially recessive with arithmetic mean dominance h ϭ 0.3 (as estimated in one species of highly selfing Amsinckia, ref. 29; see also ref. 35) , and our estimate of genomic deleterious mutation rate is roughly half the true value (as predicted if mutation effects follow an exponential distribution; see ref. 35 and Materials and Methods), then its confidence limits predict that the equilibrium ratio of fitnesses in selfed to randomly outcrossed offspring should lie from 0.81 to near 1 (26) . In empirical studies, this ratio ranged from 0.88 to 0.93 for total plant dry weight in Arabidopsis (see ref. 26 ).
The observed values of inbreeding depression in Arabidopsis are within the range predicted by our direct estimate of genomic deleterious mutation rate. Although these calculations, of course, should be treated with caution, they provide direct confirmation of the utility of inbreeding depression as an assay of mutation rate in large, stable, and highly inbred populations.
